The changes induced in the photosynthetic apparatus of spinach (Spinacia oleracea L.) seedlings exposed to iron deficiency shortly after germination were characterized with two proteomic approaches coupled with chlorophyll and xanthophyll analysis and in vivo measurements of photosynthesis. During the first 10 d of iron deficiency the concentrations of chlorophyll b and violaxanthin were greatly reduced, but all xanthophylls recovered after 13-17 d of iron deficiency, when both chlorophylls were negatively affected. No new protein was formed in iron-deficient leaves, and no protein disappeared altogether. Photosystem I (PSI) proteins were largely reduced, but the stoichiometry of the antenna composition of PSI was not compromised. On the contrary, PSII proteins were less affected by the stress, but the specific antennae Lhcb4 and Lhcb6, Lhcb2 and its isoform Lhcb1.1 were all reduced, while the concentration of Lhcb3 increased. A strong reduction in thylakoid bending and an altered distribution pattern for the reduced PSI and PSII complexes were observed microscopically in iron-deficient leaves. Supercomplex organization was also affected by the stress. The trimeric organization of Lhcb and the dimerization of Lhca were reduced, while monomerization of Lhcb increased. However, the trimerization of Lhcb was partially recovered after 13-17 d of iron deficiency. In iron-deficient leaves, photosynthesis was strongly inhibited at different light intensities, and a high de-epoxidation status of the xanthophylls was observed, in association with a strong impairment of photochemical efficiency and an increase of heat dissipation as monitored by the non-photochemical quenching of fluorescence. All these negative effects of iron deficiency were attenuated but not fully reversed after again supplying iron to iron-deficient leaves for 7-13 d. These results indicate that iron deficiency has a strong impact on the proteomic structure of spinach photosystems and suggest that, in higher plants, adaptive mechanisms common in lower organisms, which allow rapid changes of the photosystem structure to cope with iron stress, are absent. It is speculated that the observed changes in the monomer-trimer equilibrium of major PSII antennae, which is possibly the result of xanthophyll fluctuations, is a first adaptative adjustment to iron deficiency, and may eventually play a role in light dissipation mechanisms.
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Introduction
Iron deficiency leads to visible morphological and physiological responses in many plants and micro-organisms. In higher plants, the most obvious symptoms of iron deficiency are the development of intercostal chlorosis, principally on young leaves, and morphological changes in roots (Spiller and Terry, 1980) . Many studies have addressed the molecular mechanisms underlying the onset of iron-deficient chlorosis and enzyme activity in chlorotic chloroplasts (Espen et al., 2000; Nisi and Zocchi, 2000) , whereas, apart from a recent study on Beta vulgaris (Andaluz et al., 2006) , there has been little information reported regarding the effect of iron deficiency on thylakoid membranes of higher plants, such as organization of complex components [photosystem I (PSI), PSII, ATP synthase, and cytochrome b6/f] and/or super-or subcomplexes.
In contrast to higher plants, the effect of iron deficiency on thylakoid membranes is well documented in lower organisms. In cyanobacteria and Chlamydomonas, iron deficiency causes early chlorosis and a reduction in the amount of photosynthetic machinery (Spiller and Terry, 1980; Straus, 1994) . In cyanobacteria, iron deficiency results in a degradation of light-harvesting phycobilisomes (Guikema and Sherman, 1983) . However, the antenna protein complexes appear to be differentially affected by iron deficiency in these organisms: some specific Lhca1 antennae are drastically reduced, leading to an overall down-regulation of Lhca1, whereas the overall abundance of Lhcb remains fairly constant (Guikema and Sherman, 1983) . In iron-deficient cyanobacteria, the PSI:PSII ratio changes from 4:1 to 1:1 (Straus, 1994 ). PSI appears to be a primary target of iron deficiency, perhaps because of its high iron content (12 Fe per PSI). The adaptation of the multiprotein complexes PSII and PSI to iron starvation is considered to be a sequential process, characterized by the enhanced expression of two major iron-regulated proteins, IdiA (iron deficiency-induced protein A) (Michel and Pistorius, 2004) and IsiA (iron stress-induced protein A) (Bibby et al., 2001; Boekema et al., 2001) . IdiA protects the acceptor side of PSII against oxidative stress under conditions of mild iron limitation in a currently unclear way, whereas prolonged iron deficiency leads to the synthesis of a chlorophyll a antenna around PSI trimers consisting of IsiA molecules. IdiA is only bound to dimeric PSII and it is localized by electron micrographs on top of the CP43 subunit facing the cytoplasmic side, in a model derived from the 3D structure of PSII (Loll et al., 2005; Lax et al., 2007) . Eighteen IsiA molecules generate a functional accessory light-harvesting antenna around a PSI trimer, redirecting more light to P700 and forming a PSI-IsiA supercomplex (Bibby et al., 2001; Melkozernov et al., 2006) .
The aims of the present study were to characterize the time course of changes induced in response to iron deficiency in the proteomic profile of thylakoid membranes in a higher plant (Spinacia oleracea L.) and to understand whether this affects the photochemistry of photosynthesis. In contrast to previous experiments, plant material that had been deprived of iron from a few days after germination was used in order to minimize the possibility of iron being transferred to leaves from storage organs or the development of other adaptive mechanisms that could lead to higher foliar iron (Morales et al., 1998) . It was also of interest to determine how plant material that has received no external iron since germination responds to iron supplied in a reconstitution experiment. Two complementary proteomics approaches were used, a twodimensional electrophoresis [blue native (BN)/SDS-PAGE], and a chromatographic separation, in order to get a complete overview of all photosynthetic components, and in particular of antennae proteins. In vivo measurements of photosynthesis and chlorophyll fluorescence parameters were used to understand whether iron-induced changes at the proteomic level, and, in particular, changes in the amount and composition of pigment, are associated with the inhibition of physiological performance under iron deficiency. Combining physiological data with protein and pigment analysis allows a better understanding of the molecular mechanism underlying the adaptation of plants to iron deficiency.
Materials and methods

Plant material
Spinach seeds (S. oleracea L.) were disinfected in 1% (v/v) NaClO solution for 10 min followed by thorough washing in deionized water. Seeds were then transferred to a beaker containing 30% (w/v) PEG 8000 for 72 h. Then seeds were washed again in 1% (v/v) NaClO solution and soaked in deionized water for 5 h to rehydrate, with continuous aeration. The seeds were then left to germinate on moist filter paper for 2-3 d. Half of the germinated seeds were sown in moist vermiculite in half-strength Hoagland without iron, and half with 50 lM Fe, and grown for about 5 d (four-leaf stage). After the initial growth period in the seedbed, seedlings were carefully removed from the seedbed, and were thoroughly washed free of any adhering particles under tap water.
The spinach plants were then grown hydroponically in a growth room under a 14 h light period at a light intensity of 260-350 lmol m À2 s
À1
. Temperature was set at 28/20°C (day/night). The seedlings were transferred to 0.9 dm 3 PVC buckets. Half of the seedlings were grown in half-strength Hoagland nutrient solution (pH 7.7) without iron and under continuous aeration, while the other half were grown in half-strength Hoagland nutrient solution (pH 5.5) with 50 lM Fe and under continuous aeration (Susín et al., 1994) .
Leaves were harvested after 5, 10, 13, 16, 24, and 30 d of growth in the buckets, and frozen with liquid nitrogen before using them for biochemical measurements.
In the reconstitution experiment, the solution of the iron-deficient plants was replaced after 16 d with the solution used for control plants, and leaves were harvested and frozen after 32 d from the beginning of treatment (16 d after growth under normal iron conditions).
Isolation of intact chloroplasts
Fully developed spinach leaves were used to isolate intact chloroplasts using the method of Nishimura (1976) with minor modifications. Protoplasts were prepared from freshly harvested spinach leaves following the method reported previously (Nishimura et al., 1976) . The broken protoplasts (0.5 ml) were directly layered on top of 15 ml of a linear sucrose gradient (35-60%, w/w), dissolved in 0.02 M Tricine-NaOH buffer (pH 7.5), and centrifuged at 24 000 rpm for 3 h at 4°C using a Beckman-Spinco SW 25-3 rotor. Chloroplast numbers were determined as described by Dudley (1958) .
Chloroplast structure
The ultrastructural organization of chloroplasts was examined on sections of leaf fragments. Fragments were cut out between leaf ribs and fixed in 1.25% glutaraldehyde in phosphate buffer, pH 7.4, for 1.5-2 h; then specimens were post-fixed in 1% OsO 4 at room temperature for 2 h. The techniques of dehydration, embedding in epoxy resin, thin sectioning, and specimen staining have been previously described (Goodenough and Levine, 1969) . Specimens were examined with a JEM-7A electron microscope (Jeol, Japan).
Isolation of thylakoid membranes
For the separation of the thylakoid membrane of chloroplasts from both control and iron-deficient spinach plants, leaves were ground to a powder in liquid nitrogen and subsequently homogenized in an ice-cold 20 mM Tricine, pH 7.8, buffer, containing 0.3 M sucrose and 5.0 mM magnesium chloride (B1 buffer). The homogenization was followed by filtration through one layer of Miracloth (Calbiochem, San Diego, CA, USA) and centrifugation at 4500 g for 10 min at 4°C. The pellet was suspended in B1 buffer and centrifuged again, as above. This second pellet was resuspended in 20 mM Tricine, pH 7.8, buffer, containing 70 mM sucrose and 5.0 mM magnesium chloride (B2 buffer), and centrifuged at 4500 g for 10 min. A third pellet was then collected which contained the thylakoid membrane.
BN-PAGE/SDS-PAGE BN-PAGE of integral thylakoid proteins was performed according to Kügler et al. (1997) and Suorsa et al. (2004) with the following modifications. Thylakoid membranes were washed with washing buffer [330 mM sorbitol, 50 mM BISTRIS-HCl, pH 7.0, and 250 mg ml À1 Pefabloc as a protease inhibitor (Roche, Indianapolis, IN, USA)], collected by centrifugation (3500 g for 2 min at 4°C), and resuspended in 25BTH20G [20% (w/v) glycerol, 25 mM BISTRIS-HCl, pH 7.0, and 250 mg ml À1 Pefabloc]. An equal volume of resuspension buffer containing 2% (w/v) n-dodecyl b-D-maltoside (DM; Sigma, St Louis, MO, USA) was added under continuous mixing, and the solubilization of membrane protein complexes was allowed to occur for 3 min on ice. Insoluble material was removed by centrifugation at 18 000 g for 15 min. The supernatant was mixed with 0.1 vol. of Coomassie blue solution [5% (w/v) Serva blue G, 100 mM BISTRIS-HCl, pH 7.0, 30% (w/v) sucrose, and 500 mM e-amino-n-caproic acid] and loaded onto a 0.75 mm thick 5-12.5% (w/v) acrylamide gradient gel (Hoefer Mighty Small mini-vertical unit; Amersham Biosciences, Uppsala, Sweden). For each sample, the same amount of protein (100 lg) was loaded. Protein concentration was estimated by the Bradford method before the addition of Coomassie blue solution. Electrophoresis was performed at 4°C by increasing the voltage gradually from 75 V up to 200 V during the 4.5 h run. A ProteanII Bio-Rad (Hercules, CA, USA) electrophoresis system (1803160 mm, 0.75 mm thick) was used for the first dimension applying a constant voltage of 90 V overnight and gradually increasing this value up to 200 V the next day until the run was complete. The first dimension gel images were digitized and the volume of a band was measured using TotalLab version 2.01 (BioRad) on a BN gel. The decrease in protein relative to untreated control after 5, 16, and 24 d of iron deficiency treatment was calculated for each band using the following formula: (volume before -volume after )/volume before (Hou et al., 2004) . Four gel lines were considered for each sample. For separation of proteins in the second dimension, the lanes of the BN gel were excised and incubated in SDS sample buffer containing 5% (v/v) b-mercaptoethanol and 6 M urea for 30 min at room temperature. The lanes were then layered onto 1 mm thick SDS-polyacrylamide gels (Laemmli, 1970) with 15% (w/v) acrylamide and 6 M urea in the separating gel. Proteins were separated overnight at a constant current 10 mA per gel and 13°C. The proteins were visualized using Blue silver (Candiano et al., 2004) . Second dimension gel images were digitized and analysed with the PDQuest 7.3 software (Bio-Rad).
Separation of PSI and PSII membrane proteins by sucrose gradient ultracentrifugation and analysis of the contents by HPLC This technique allows the separation of the antennae proteins of PSI and PSII into distinct chromatographic peaks (Zolla et al., 2002 (Zolla et al., , 2003 and makes it possible to analyse them quantitatively. Freshly prepared thylakoid membranes were resuspended at 5 mg ml À1 protein in distilled water and solubilized by 1% DM. Purification of PSI was performed according to the method of Croce et al. (1998) . Briefly, the thylakoid membrane was solubilized by DM to a final concentration of 1%. After stirring for 10 min at 4°C, the sample was centrifuged for 10 min at 20 000 g, and 6 ml aliquots of the supernatant were loaded onto 0.1-1 M sucrose gradients, containing 5 mM Tricine, pH 7.8, and 0.03% DM. After centrifugation for 42 h at 28 000 rpm in a Model SW28 rotor (Beckman) at 4°C, five green bands were distinguishable (Caffari et al., 2004) that were suitable for direct investigation by reverse phase high-performance liquid chromatography electrospray mass spectrometry (RP-HPLC-ESI-MS).
To resolve the protein components of the antenna systems of PSII and PSI optimally, as isolated complexes by sucrose gradient, an analytical (25034.6 mm ID) size column was used, packed with the same 5 mm spherical Vydac C-4 stationary phase. The separation of the protein components of the PSII and PSI antenna system was obtained by the following procedure. The Vydac C-4 column was pre-equilibrated with 38% (v/v) aqueous acetonitrile solution containing 0.05% (v/v) trifluoroacetic acid (TFA), and samples were eluted from the column with a gradient of 40-65% acetonitrile in 45 min.
The flow rate was 1.0 ml min À1 with the analytical column. The HPLC-ESI-MS experiments were performed by an ion trap Esquire 3000 plus (Bruker Daltonik, Bremen, Germany). Details of the instrumental set-up and tuning are given in Zolla et al. (2002) . The 1 ml min À1 flow through of the analytical column was split postcolumn, with 50 ml min À1 entering the mass spectrometer and 950 ml min À1 going to the UV and fluorescence detector. For analysis with pneumatically assisted ESI, an electrospray voltage of 3-4 kV and a nitrogen sheath gas flow were employed. The temperature of the heated capillary was set to 300°C. Protein mass spectra were recorded by scanning the first quadrupole, the scan range being 500-2000 amu. The quantification of antenna proteins was performed by extracted ion chromatogram (EIC) mass spectrometry. EIC for specific m/z signals was selected for quantification of proteins before and after iron stress. For Lhcb6: EIC 846.1; 878.5; 913.5; 951.6; 992.9; 1038; 1087.4; 1141.7 m/z. For Lhcb4: EIC 851.7; 878.3; 906.6; 936.8; 969; 1003.6; 1040.7; 1080.7 m/z. For Lhcb1.1: 805.5; 832.2; 860.9; 891.6; 924.6; 960.1; 998.4; 1039.9; 1085.1; 1134.4 m/z. For Lhcb3: 839.7; 869.7; 901.8; 936.5; 973.9; 1014.4; 1058.4; 1106.4; 1159 .2 m/z.
Isolation of grana/stroma lamellae Spinach leaves from control and iron-deficient plants were harvested after 16 d of treatment. The digitonin cleavage and RP-HPLC-ESI-MS were performed according to Timperio et al. (2004) .
Pigment determination by HPLC
Pigments were extracted from samples by grinding the leaves in liquid nitrogen with degassed 100% acetone at 0-4°C. On occasion Photochemical changes in iron-deficient spinach leaves. 3 of 16 a small amount of NaHCO 3 (0.1 g g À1 plant material) was added to the plant material before extraction to ensure no acidification of the extract occurred; however, this had no influence on the carotenoid composition. The pigment extracts were filtered through a 0.2 mm membrane filter and applied immediately to an HPLC column. Pigment composition was determined by HPLC by using a Waters Nova-Pak C18 radial compression column according to Johnson et al. (1993) . Additionally a Spherisorb ODS-1 column (5 lm particle size, 25034.6 mm ID) was used based on the method of Gilmore and Yamamoto (1992) . To calibrate the method, pigments were first isolated by HPLC. Then isolated fractions were dried under nitrogen and dissolved in the appropriate solvent, and pigment concentrations were determined using the coefficients of extinction indicated in Val et al. (1986) . The method was calibrated by injecting known amounts of pure pigments, and plotting the peak area (integrator counts) versus quantity of pigment injected. The curve line was made using increasing concentrations of each pure pigment and quantifying each concentration spectrophotometrically. However, considering that the extent of the change is practically the same for all coefficients, results were normalized by dividing by lutein, as reported by De las Rivas et al. (1989) .
In vivo and simultaneous measurements of photosynthesis and chlorophyll fluorescence Intact plants were used for in vivo determination of physiological parameters. A 2 cm 2 circular portion of the leaf was enclosed in a gas-exchange cuvette and illuminated with a KL1500 LCD (Schott, Wiesbaden, Germany) light source using a round fibreglass illuminator (Schott) at a light intensity variable between 0 and 900 lmol photons m À2 s À1 . The cuvette was kept at constant temperature by water circulating inside the cuvette body, and the leaf temperature was set at 25°C and measured with a thermocouple appressed to the abaxial leaf side. The leaf disc was exposed to a flow of 500 ml min À1 of synthetic air (80% of N 2 , 20% of O 2 , and 380 ppm of CO 2 ) adjusted with mass flow controllers (Brooks Instruments BV series 5800, Veenendaal, The Netherlands). The N 2 and O 2 mixture was humidified by bubbling it through water, and the humidity was then reduced by condensing part of it in a water bath set at a temperature lower than the leaf temperature. The relative humidity inside the cuvette was maintained at ;40%, and the vapour pressure difference between the leaf and air was maintained below 20 mbar. The absolute CO 2 concentration in the cuvette was measured with an infrared gas analyser (Gas-hound, Li-Cor, Lincoln, NE, USA), while CO 2 and H 2 O exchanges between the leaf and air were measured with a differential infrared gas analyser (Li 6262, Li-Cor). The relationship between photosynthesis and light intensity before and during the iron deficiency treatment was described using a parabolic equation, and best fit lines were generated by the Sigmaplot 2002 software (Systat, Erkrath, Germany). The slopes of regression lines were compared using analysis of covariance (ANCOVA, P <0.05).
Fluorescence was measured with a MiniPAM fluorimeter (Walz, Effeltrich, Germany). The terminal end of a polyfurcated optic fibre was inserted in the round illuminator normal to the leaf plane with the tip reaching the cuvette surface. This fibre was used to supply weak red measuring light and saturating (10 000 lmol m À2 s À1 ) pulses of white light, as well as to detect the emitted leaf fluorescence as described by Loreto et al. (1992) . The quantum yield of PSII was measured simultaneously with gas-exchange measurements. The fluorescence apparatus described previously was used to measure the quantum yield of PSII in 12 h dark-adapted leaves (F v /F m ), where F v is the variable and F m is the maximal fluorescence. The leaves were then exposed to a light intensitysaturating photosynthesis (700 lmol photons m À2 s
À1
). When photosynthesis was steady, the quantum yield of PSII in the light, DF/F# m (Genty et al., 1989) , was measured (data not shown). The photochemical and non-photochemical quenching of fluorescence (qP and qN, respectively) were calculated according to the protocol described by Van Kooten and Snel (1990) , and the fluorescence nomenclature reported in that paper was followed. To calculate correctly the basal fluorescence with all reaction centres open (F# o ), a parameter required in the calculation of fluorescence quenchings, a flash of far-red light was supplied using the PAM 101 source immediately after darkening the leaf. The non-photochemical quenching of fluorescence was also calculated according to Bilger and Bjorkman (1994) to yield the light dissipated non-radiatively (NPQ). This parameter is calculated on the basis of the ratio between maximal fluorescence in the dark and in the light [NPQ¼(F m /F# m )-1].
Every measurement was repeated on at least four different leaves of different plants. Statistical separation between means was carried out with a Tukey's test, and differences significant at a P <0.01 or <0.05 are shown by *** and **, respectively.
Results
Pigment analysis
Chloroplasts from plants germinated and grown in irondeficient conditions were analysed for their biochemical composition, structure, and function. Plants grown in the absence of iron for 16 d showed a reduction in the total number of chloroplasts (<30%) with respect to controls. Iron-deficient chloroplasts also contained 40% less total protein and 62% less chlorophyll than chloroplasts of control leaves (data not shown). Consequently the protein/ chlorophyll ratio increased, indicating that each chlorophyllbinding protein contained fewer chlorophyll molecules than in normal conditions.
The time course of the iron deficiency-driven changes of total chlorophyll, and chlorophyll a and b, was determined spectrophotometrically (Fig. 1A ) and by HPLC (Fig. 1B) , in order to get rapid chlorophyll quantification by the first method and more laborious but precise chlorophyll a and b determinations by HPLC. The two methods yielded comparable data. During the first 13 d of iron deficiency, chlorophyll b was more negatively affected than chlorophyll a, and the ratio between chlorophyll a and b consequently increased (both insets of Fig. 1 ). Between 13 d and 16 d of iron deficiency, both chlorophyll a and b were negatively affected. Interestingly, in the iron reconstitution experiment, a re-synthesis of both chlorophylls was recorded, but the total amount of chlorophyll remained lower than that detected in control plants, at least after 9 d.
During the first 10 d of iron deficiency a significant decrease of violaxanthin was observed, accompanied by an increase in both antheraxantin and zeaxanthin (Fig. 2) . The change in violaxanthin concentration occurred with the same time course observed for the decrease in chlorophyll b (see Fig. 1 ). However, after 13-16 d of iron deficiency, when both chlorophyll a and b decreased (Fig. 1) , violaxanthin recovered from its minimum, as did zeaxanthin and anteraxanthin. After 20 d, while violaxanthin remained constant, both zeaxanthin and anteraxanthin decreased again (Fig. 2) .
When iron was supplied to iron-deficient plants, the levels of lutein, violaxanthin, and neoxanthin did not change, while both antheraxanthin and zeaxanthin disappeared ( Fig. 2 and Fig. 2 inset) .
Proteomic analysis
One of the most obvious characteristics of iron-deficient leaves is chlorosis, but it has never been clarified whether specific proteins are affected by iron deficiency in higher plants. Previous studies have shown the limitations of proteomic analysis by electrophoresis, especially for differentiating between antenna isoforms (Ciambella et al., 2005) . A proteomic analysis of the four main complexes present in the thylakoid membranes was therefore performed using both electrophoretic and chromatographic protein separations.
It has previously been documented that the proteome of the photosynthetic apparatus of higher plants can be successfully analysed in thylakoids without previous fractionation Ciambella et al., 2005) , and for this reason the investigation was started with two-dimensional BN-PAGE/SDS-PAGE of thylakoid membranes.
First dimension electrophoretic dimension
BN-PAGE separation of thylakoid proteins from stressed and unstressed plants was compared and analysed (Fig. 3A) . Since the apparent molecular masses of the protein complexes in the first dimension native PAGE corresponded to the predicted molecular masses of all compounds, each complex can be recognized by its molecular mass as reported in the right panel of Fig. 3A (Ciambella et al., 2005) . To quantify the volume of each band, the image analysis software TotalLab vers. 2.01 (Bio-Rad) was used. The semi-quantitative decrease in protein relative to day 0 (control) was calculated 5, 10, 16, and 24 d after the beginning of iron deficiency (Fig. 3B ) Data shown refer to the average of three different experiments. In iron-deficient leaves, the bands attributed to two supercomplexes having the apparent molecular masses of Fig. 1 . Time course of the total leaf chlorophyll concentrations measured in chloroplast membranes of iron-deficient spinach plants by both spectrophotometric (A) and HPLC (B) methods. In (A), the total chlorophyll concentration was estimated at 652 nm using solutions with the same number of chloroplasts. The inset shows the time course of the chlorophyll a/chlorophyll b ratio determined by the absorbance of the pigments at the respective wavelengths. In (B), the concentrations of chlorophyll b (Chl b, open squares) and chlorophyll a (Chl a, open circles) were measured by the area underlying the corresponding HPLC peaks. The inset shows the time course of the chlorophyll a/chlorophyll b ratio obtained from the relative peak areas. In (B), the absolute abundances of chlorophyll b and a were scaled by a normalizing factor which was obtained by comparing in the different extractions the absolute abundance of lutein, a pigment whose concentration remains unchanged during iron deficiency. The dotted line shows the total chlorophyll determined after restoring iron supply after 24 d. 709 kDa and 678 kDa, and containing both PSI and PSII proteins Ciambella et al., 2005) , showed a reduction in colour intensity over the time course (Fig. 3A, upper part) , while a new band at a lower molecular mass of 647 kDa, containing both PSI and PSII proteins (see later), appeared after 10 d of stress. This could be an indication that the super organization of thylakoid membranes was strongly compromised and a new re-arrangement took place in iron-deficient chloroplasts. A significant decrease in Rubisco (453 kDa) was observed with prolonged iron deficiency. There was also a reduction in two close running Coomassie-stained bands (at 292 kDa and 193 kDa) in iron-deficient leaves. These two bands represent the ATP synthase subunit, the dimeric cytochrome b6/f complex, the monomeric PSII core complex (292 kDa), and the monomeric PSII core complex without CP43 (193 kDa). The two bands at about 148 kDa and 85 kDa, representing the trimeric and monomeric forms, respectively, of the light-harvesting complex of PSII (Ciambella et al., 2005; Granvogl et al., 2006) , showed large and opposing changes in irondeficient leaves. The dimeric form of antenna proteins at about 107 kDa was also greatly reduced in conditions of sustained iron deficiency. Interestingly, however, the decrease in the amount of units organized into trimers and dimers, and the increase in the monomeric form, peaked after only 10 d of iron deficiency and then re-aggregation tended to revert to the levels of control leaves. Thus, in both photosystems, a sequence of events was observed, with antennae aggregation rapidly compromised by iron deficiency, and then recovering when both chlorophylls a and b were negatively affected and the de-epoxidation status of the xanthophylls changed.
Second dimension electrophoretic dimension
All protein complexes separated by the first dimension native electrophoresis were directly transferred and analysed in the second denaturing SDS-PAGE where protein subunits of the thylakoid membranes were distributed by their distinct molecular masses, and proteins were recognized by separated vertical lines in the 2D gel (Fig. 4A) . The PDQuest (Bio-Rad) analysis was used to identify proteins that increased or decreased significantly as a result of iron deficiency (Fig. 4B ). An almost regular distribution of proteins deriving from complexes and supercomplexes was apparent. Visible spots of membrane proteins were cut out from the SDS-polyacrylamide gel, digested with trypsin, and analysed either by matrixassisted laser desorption ionization-time of flight (MAL-DI-TOF) or by internal peptide sequencing, using mainly RP-HPLC-ESI-MS/MS, as previously reported (Ciambella al., 2005) . Analysis of the data confirms (data not shown) that the first three lanes on the left contain supercomplexes of PSI and PSII, the fourth lane the PSI, dimeric PSII core proteins, and some of the ATP synthase proteins, the fifth lane contains the Rubisco components and the monomeric core proteins from PSI, and the sixth lane contains a mixture of ATP synthase complex, cytochrome b 6 /f dimer, and monomeric core of PSII. Finally the seventh lane contains the monomeric core of PSII without CP43. Regarding the PSII antenna proteins, they were detected both in supercomplexes and in the eighth and tenth lanes, corresponding to the trimeric and monomeric state of PSII light-harvesting proteins.
It can be seen that significant changes appeared only in the lines corresponding to supercomplexes and in the antennae regions, confirming their different distributions in iron-deficient leaves (see circles in Fig. 4B ). This analysis also revealed that the main constituents of both PSI and PSII were present in normal proportions in irondeficient leaves. Thus, there was no reduction in specific components of the photosystems. Rather, all components of the photosystems decreased in concert, maintaining a constant stoichiometry, during iron deficiency.
Chromatographic separation of thylakoid membranes
In order to investigate further the differences in antenna composition inside complexes, a liquid chromatographic separation was performed, since previous investigations (Gomez et al., 2002; Zolla et al., 2002 Zolla et al., , 2007 revealed that by this method a better qualitative and quantitative antenna determination can be performed than by two-dimensional electrophoresis. The five green fractions obtained by loading thylakoid membranes onto a sucrose gradient were analysed for their content by RP-HPLC-ESI-MS. The band (B1) containing monomeric PSII antennae (Caffari et al., 2004) was more abundant in iron-deficient leaves than in controls (Fig. 5A) . A second band (B2) corresponding to Lhcb trimeric aggregation (Caffari et al., 2004) was also fainter in iron-deficient leaves than in controls. This confirms indications obtained by two-dimensional BN electrophoresis that antenna trimerization was reduced during iron deficiency. In iron-deficient plants, a band (B3) containing subcomplexes of Lhcb-Lhcb4-Lhcb6 (Caffari et al., 2004 ) and a band (B5) that contains PSILhca were also strongly reduced, as shown by the lighter colour intensity (Fig. 5A) . Band 4, due to the high hydrophobicity of the PSII core proteins, could not be analysed quantitatively, as it requires different experimental conditions to be analysed by HPLC (Gomez et al., 2002; Huber et al., 2004) . Each band, except B4, was collected by a syringe and components were analysed by HPLC. Figure 5B shows a chromatogram of B1 and B2 together which represent the total PSII antenna. Protein identification was performed by comparison of the measured molecular masses with those deduced from the DNA sequence Whitelegge et al., 2006) .
All antenna proteins were affected by iron deficiency. Quantification of antenna proteins was performed by EIC mass spectrometry by using specific m/z signals. The minor light-harvesting complex II antenna proteins were the most depleted. This reduction was especially evident for Lhcb6 (75%) and Lhcb4 (44%), while Lhcb1.1 decreased by only 10%. This was also confirmed by HPLC of the B3 fraction, which contained the LhcbLhcb4-Lhcb6 subcomplex (Caffari et al., 2004) (Fig. 5C) . Analysis of Lhcb4 and Lhcb6 subcomplexes, identified by mass spectrometry (data not shown), showed a dramatic reduction of these fractions with respect to the major antenna proteins. Interestingly, a general increase in Lhcb3 (;20%) was observed in iron-deficient leaves, especially in the subcomplexes Lhcb-Lhcb4-Lhcb6 (see Fig. 5C ). Lastly, the chromatographic profile of B5 (Fig. 5D) showed that, in iron-deficient plants, the peaks corresponding to PSI antennae of Lhca were smaller, while a significantly higher presence of Lhcb1 and Lhcb2 of PSII (peaks released after 25 min or more) was observed. This suggests that PSI lamellae of iron-deficient plants are rich in PSII components and that the presence of these components becomes evident when the functional organization of PSI is damaged.
In order to collect more information on the last point, grana and stroma were separated from the thylakoids of control and iron-deficient leaves by digitonin, as previously demonstrated . The protein composition of each subfraction and the amount of PSI and PSII in each subfraction was then determined again by HPLC on control and 16 d iron-deficient leaves. Grana lamellae from both control and stressed plants contained prevalently PSII antenna proteins; however, stroma lamellae from stressed plants contained a large amount of PSII Lhcb1, whereas the control did not, indicating an aberrant distribution of PSI and PSII in stroma lamellae of irondeficient leaves (Fig. 6A) . Electron micrographs of chloroplasts from mesophyll cells of 16 d iron-deficient leaves revealed plastids with few photosynthetic lamellae and with some rudimentary grana, displaying the classical features of thylakoid disorganization induced by iron deprivation (Thoiron et al., 1997) (Fig. 6B) .
In vivo analysis of photosynthesis and fluorescence
Physiological measurements were taken before iron removal and again after the pigment composition changed dramatically as a consequence of iron deficiency (13-18 d after beginning the treatment, see Figs 1 and 2), and after a 7 d recovery from iron deficiency. Photosynthesis in leaves deprived of iron for 13-18 d did not increase at light intensities >200 lmol m À2 s À1 (Fig. 7) . The rate of photosynthesis responded linearly to increasing light intensity for light intensities ranging between 0 and 150 lmol m À2 s
À1
. In this range a significant reduction in the apparent quantum yield (the ratio between photosynthesis and incident light intensity) was measured in iron-deficient leaves. The quantum yield was 0.27, 0.17, and 0.21 before iron removal, after 13-18 d of iron deficiency, and after a 7 d recovery from iron deficiency, respectively. These differences were statistically highly significant (Tukey's test, P <0.01).
Reduced efficiency of light capture by the photochemical apparatus of iron-deficient plants was also suggested by the analysis of chlorophyll fluorescence. In darkadapted leaves, the ratio between variable and maximal fluorescence (F v /F m ), a sensitive indicator of the efficiency of PSII, was decreased on average by 40% in leaves subjected to 13-18 d of iron deficiency with respect to the values observed in the same leaves before iron removal (Fig. 8) . In illuminated leaves, the nonphotochemical quenching, indicating increasing energy dissipation, doubled after 13-18 d of iron deficiency, while the photochemical quenching, indicative of the electron transport rate driving photosynthesis and photorespiration, was significantly reduced at the onset of iron deficiency. All fluorescence parameters recovered very rapidly during the iron reconstitution experiment (Fig. 8) . After 7 d growth with reconstituted iron, the photochemical quenching was not statistically different from that measured before iron deficiency. The F v /F m index and the non-photochemical indices also recovered but were still significantly different from control leaves, indicating the persistence of mechanisms of energy dissipation activated by iron deficiency.
The de-epoxidation status of xanthophylls (the amount of antheraxanthin+zeaxanthin divided by the sum of antheraxanthin+zeaxanthin+violaxanthin¼DPS) increased with the period of iron deficiency, and this change was associated with the increasing amount of non-photochemical quenching. This association was also found in leaves recovering from iron deficiency (Fig. 9) . However, the DPS was maximum (¼0.45) at day 13, i.e. when the amount of violaxanthin was observed to fall to its minimum level (see Fig. 2 ). In the following days, violaxanthin and the DPS partially recovered (a DPS of 0.39 was observed at day 18), but these changes were not associated with changes (reductions) in non-photochemical quenching (Fig. 9) .
Discussion
Pigment analysis suggests the activation of a mechanism of adaptation to iron deficiency to scavenge excess light
In plants grown from germination in the absence of iron, a clear association between chlorophyll b and violaxanthin depletion was observed during the first 10 d of iron deficiency. However, the recovery of xanthophylls after 13 d of iron deficiency, when both chlorophyll a and b were negatively affected by the treatment, was unexpected and is interpreted as evidence of the activation of mechanisms of adaptation to iron deficiency. The increase of xanthophylls may help leaves cope with excess light that cannot be used efficiently by photosynthesis (especially when chlorophylls are depleted) and that may be scavenged non-radiatively through the violaxanthinzeaxanthin de-epoxidation cycle (Demmig et al., 1987; Brugnoli et al., 1998) . However, in vivo analysis of photosynthesis photochemical and non-photochemical use of the light energy, as discussed below, does not specifically confirm that xanthophyll resilience may contribute to decrease the non-radiative dissipation of light in iron-deficient leaves.
Proteomic analysis confirms also in higher plants high sensitivity of PSI to iron deficiency and shows different sensitivity of antenna proteins to the stress Iron deficiency drastically reduced the amount of protein from both photosystems and also from cytochrome b6/f and the ATP synthase complex. Within each photosystem, all core components were present, which indicates that iron deficiency does not inhibit altogether the synthesis of a specific core protein. However, separation of complexes on a sucrose gradient showed that the entire PSI complex was the most sensitive complex, with reduction of both the light-harvesting and core complex proteins, as previously observed (Nishio et al., 1985) . Similar observations were made with prokaryotic organisms. In Acaryochloris cells grown in an iron-deficient medium, the level of PSI was also found to decrease compared with that of PSII (Chen et al., 2005) . In these cells, the iron-deficient medium induced an up-regulation of the pcbC gene in comparison with the pcbA gene (Chen et al., 2005) .
In cyanobacteria, adaptation to iron starvation is characterized by the enhanced expression of two major iron-regulated proteins, IdiA (Michel and Pistorius, 2004) and IsiA (Bibby et al., 2001) . However, no new protein was observed in spinach leaves exposed to iron deficiency. This was also somewhat expected since no IdiA homologue proteins were identified in Arabidopsis thaliana (http://www.arabidopsis.org) and these proteins may be absent in higher plants.
The total amount of antenna proteins was significantly reduced in both photosystems of spinach leaves. In cyanobacteria, the most obvious alterations under iron starvation are the reduction of phycobilisomes and chlorophyll-containing proteins (Straus, 1994) , in part due to phycobilisome protein degradation and in part to a reduction of de novo protein synthesis (Sandstrom et al., 2002) . In spinach, however, the stoichiometry of the antenna composition of PSI was not compromised. On the contrary, specific antennae of PSII were strongly reduced, e.g. Lhcb4 and Lhcb6, Lhcb2, and the isoform of Lhcb1 (Lhcb1.1), while Lhcb3 increased. In Chlamydomonas, an opposite effect was observed, as specific components of Lhca were strongly reduced at the onset of iron deficiency, whereas Lhcb abundance remained fairly constant (Hippler et al., 2001) .
In higher plants, the antenna sizes are controlled by the biosynthesis of chlorophyll b (Tanaka et al., 2001) . A close relationship between chlorophyll b synthesis and cab gene expression was also found by Pattanayak et al. (2005) . In particular, chlorophyll a oxygenase (CAO)-deficient mutants, which form low levels of chlorophyll b, showed reduced amounts of PSII antennae by electrophoresis (Tanaka and Tanaka, 2005) . This is in agreement with the present results obtained by chromatographic separation and mass spectrometry, i.e. with a better separation of the antennae and their unambiguous quantification.
Proteomic analysis reveals reduction of large compexes and supercomplexes, and aggregation of proteins in small complexes in iron-deficient leaves
The observed decrease of Lhcb4 and Lhcb6 may specifically and negatively influence the formation of supercomplexes and/or megacomplexes. In fact, Lhcb4 is located in the interior of the supercomplex, and Lhcb6 is essential for the formation of type I and type III megacomplexes (Dekker and Boekema, 2005) . Similar to results obtained in cyanobacteria (Pakrasi et al., 1985) , BN electrophoresis revealed that large complexes and supercomplexes are also less abundant in iron-deficient leaves in spinach, indicating that aggregation of small complexes into higher order structures is also affected by this stress. The responses of Chlamydomonas to iron deficiency also include remodelling of the antenna complexes (Naumann et al., 2005) , disconnection of the Lhca antenna from PSI, and the establishment of a new steady state, with decreased stoichiometry of electron transfer complexes (Moseley et al., 2002) . However, the strongly compromised superorganization of the photosynthetic apparatus observed in spinach iron-deficient leaves may not be completely explained by the reduction in the total number of antennae and by the specific loss of minor PSII antennae. The present two-dimensional BN-SDS results show that the decrease in Lhcb trimers, the increase in the monomeric form of the same complex, and the decrease in Lhca dimerization occurred after 10 d of iron deficiency and tended to be reversed as iron deficiency continued. This suggests that the decrease of chlorophyll b, occurring with the same time course observed for the changes in the anteannae in iron-deficient leaves, induces monomerization of antennae. Since in higher plants, Lhcbs are able to bind both chlorophyll a and chlorophyll b interchangeably both in vitro (Bassi et al., 1999; Xu et al., 2001) and in vivo (Polle et al., 2000) , it is reasonable to speculate that some chlorophyll b-binding sites accept chlorophyll a in the same orientation. Hereby, in both PSI and PSII systems the minimal photosystem structure is maintained but the aggregation between single units, triggered by antenna proteins, is lost.
Lhcb monomerization could be elicited by the simultaneous decrease of xanthophylls during the first 10 d of iron deficiency in spinach leaves. In fact, after 13 d of iron deficiency, when both violaxanthin and zeaxanthin xanthophylls increased again, a de novo formation of Lhcb trimers and Lhca dimers was observed. Recent studies have indicated that Lhcs have the flexibility to bind not only chlorophylls, but also different carotenoid molecules (Ruban et al., 2002) . Interestingly, in the aba1 Arabidopsis mutant, violaxanthin and neoxanthin are replaced by zeaxanthin, and the Lhcbs are mainly in their monomeric forms (Tardy and Havaux, 1996; Lokstein et al., 2002) . Moreover, in the Arabidopsis lut2 npq2 double mutant, all xanthophylls are replaced constitutively by zeaxanthin, and the major antenna, Lhcb, does not form trimers (Havaux et al., 2004) . Addition of iron to iron-deficient plants re-activated chlorophyll synthesis, but both antheraxanthin and zeaxanthin are strongly reduced, supporting the hypothesis that decreases in chlorophylls are paralleled by zeaxanthin production. Thus, the observed change in the monomer-trimer equilibrium of major PSII antenna is possibly the result of xanthophyll and chlorophyll fluctuations as an adaptation strategy to iron deficiency in higher plants, playing a role in the energy dissipation mechanisms, as here also assessed by changes in the non-photochemical quenching of fluorescence (see below). The observed loss of superorganization, such as trimerization and dimerization, of antenna proteins was also observed in Rhodella violocea upon iron deficiency (Doan et al., 2003) . Non-denaturating PAGE separation of the chlorophyll-protein complexes indicated that the monomeric form of PSI is also favoured over the trimeric form of PSI under iron stress in cyanobacteria (Ivanov et al., 2006) , which suggests that changing the aggregation state could represent a common strategy in both higher plants and smaller organisms.
Electron microscopy shows disorganization of chloroplast structure in iron-deficient leaves Electron micrographs from iron-deficient plants revealed plastids with a strong reduction in thylakoid bending, few photosynthetic lamellae, and with some rudimentary grana. These classical features of thylakoid disorganization induced by iron deprivation have been described previously (Platt-Aloia et al., 1983) . In the iron-deficient spinach leaves examined here, digitonin cleavage showed that stromal lamellae harboured significant amounts of PSII components, indicating an altered distribution pattern for the reduced PSI and PSII complexes. Good connectivity between photosystems is essential for efficient photosynthesis, and, since the kinetics of the trapping of excitation energy are much faster in PSI than in PSII, in iron-deficient leaves the loss of physical separation between PSI and PSII might have led to an uncontrolled flow of energy from PSII to PSI (Trissl and Wilhelm, 1993) . This might also have been the reason why a very large non-photochemical quenching of fluorescence, associated with the activation of light dissipation mechanisms, was observed in irondeficient leaves (Larbi et al., 2006) and could not be fully recovered after a few days of iron nutrition in the present experiment. In cyanobacteria, the physiological consequences of the anatomical alterations observed upon iron deficiency are a reduction of linear electron transport activity through PSII, an increase of cyclic electron flow around PSI, and an increase in respiratory activity (Michel and Pistorius, 2004) . The increase in cyclic electron flow around PSI under iron limitation is a consequence of the formation of the PSI-IsiA supercomplex (Michel et al., 2003) . Cyanobacteria may also utilize a PSII-like protein as an extra antenna for PSI, which shows the flexibility of cyanobacterial light-harvesting systems, and may be a valuable strategy to compensate for the reduction of phycobilisome and PSI levels in response to iron deficiency (Melkozernov et al., 2006) .
Photosynthetic efficiency of light use is reduced and non-photochemical dissipation of light is increased in iron-deficient leaves It was also a matter of investigation whether changes in the structure of photosystems of iron-deficient leaves would adversely affect photosynthesis. As expected, photosynthesis was dramatically inhibited at the same time point at which chloroplast ultrastructure and protein composition were observed to be affected by iron deficiency. Photosynthesis was also rather low in control leaves with respect to rates usually found in spinach (Delfine et al., 1999) , which may be attributed to the hydroponic nutrition of the samples. However, differences between controls and iron-deficient leaves were highly significant. The reduced assembly of PSII into supercomplexes and the macro-organization of supercomplexes in the thylakoid membrane probably determined the large drop in the apparent quantum efficiency of PSII. Irondeficient leaves were less efficient at using light when this was limiting, as shown by the different slope of the linear response of photosynthesis at increasing, but dim light intensities. Interestingly, however, photosynthesis was also largely inhibited under saturating light intensity, showing that light use is impaired irrespective of the received light, and suggesting that photosynthesis may actually be even more damaged when iron-deficient plants are exposed to bright light. It should also be noted that this reduction of photosynthesis under both low and saturating light intensity was only partially recovered 7 d after restoring iron nutrition. A strong reduction in the Rubisco protein in the thylakoids of iron-deficient leaves was observed (Fig. 3B) . This is in agreement with previous investigations which found that the initial physiological response to iron deficiency in sugar beet leaves appears to be loss of both photochemical and biochemical (i.e. CO 2 fixation by RuBP carboxylase) capacities of CO 2 assimilation. The lower RuBP carboxylation capacity was not previously attributed to reduced activation of the Rubisco enzyme (Taylor and Terry, 1984) , but rather to a down-regulation of gene expression, resulting in RuBP levels reduced by ;70%. Biochemical damage leading to a reduction in CO 2 capture by Rubisco may therefore also play a role in inhibiting photosynthesis of iron-deficient leaves, even when light is not a limiting factor.
Chlorophyll fluorescence analysis is usually an excellent tool to study in vivo photochemical damage. Morales et al. (2001) , however, pointed out that the maximal yield of fluorescence in dark-adapted leaves (F v /F m ) may not indicate real damage of PSII in iron-deficient leaves. These authors demonstrated that iron deficiency may also disconnect PSII antennae from reaction centres, and that fluorescence may also be released from disconnected PSII antennae. However, both the quantum yield of photosynthesis and the fluorescence maximal yield of dark-adapted leaves were strongly reduced by the present treatment. This is interpreted as an independent indication of PSII photoinhibition, which does not necessarily involve mechanisms leading to underestimation of F v /F m .
The fluorescence quenching also indicated a substantial reduction in photochemical electron transport and the activation of energy dissipation mechanisms in lightadapted, iron-deficient leaves. The increase of nonphotochemical quenching due to iron deficiency reflected the de-epoxidation of xanthophylls and the thermal dissipation in the photosystem antennae (Brugnoli et al., 1998) , as also previously observed in iron-deficient leaves (Larbi et al., 2004) . The two parameters were also associated in leaves recovering from iron deficiency, again confirming previous observations that zeaxanthin may be re-converted to violaxanthin if iron becomes available, and that this reveals a reduced thermal dissipation in PSII antennae (Larbi et al., 2004) . Larbi et al. (2004) observed that re-conversion of xanthophylls was fast but incomplete, occurring just 2 d after supplying iron. This experiment was extended to show that, even 7 d after iron is restored, the de-epoxidation status does not reach the low value of non-stressed leaves, and a still considerable fraction of energy is therefore dissipated thermally, which is consistent with the observed incomplete recovery of photosynthesis in the same leaves. The de-epoxidation status of xanthophylls also changed (decreased) to a relevant extent between 13 d and 18 d of iron deficiency, when violaxanthin surprisingly recovered from its minimum. This was not reflected in a concurrent change of the non-photochemical quenching. This result is interpreted as indicating that there are changes in xanthophyll de-epoxidation during iron deficiency that are not linked to dissipation mechanisms. However, it is also possible that the non-photochemical quenching parameter is not sensitive enough as an indicator of thermal dissipation, as revealed by xanthophyll de-epoxidation.
Conclusions
Iron deficiency induced immediately after germination causes heavy damage to the photochemical apparatus of spinach, which is not recoverable after a few days of regular iron nutrition. Cyanobacteria, growing photoautotrophically, have evolved mechanisms to modify and/or protect their chlorophyll protein complexes. The photosynthetic apparatus of these lower organisms is under constant change to adapt to the environment and to the daily alterations. This does not seem to be the case in higher plants in which no expression of new proteins is observed and no specific protein is missing in irondeficient conditions. Iron deficiency rapidly induces a total reduction of the pigments and proteins of the photosynthetic apparatus, mirrored by a reduction of the photosynthetic rate, a specific reduction of PSII antennae, the disappearance of supercomplexes followed by re-arrangements as a consequence of an altered aggregation of the monomertrimer equilibrium of the major PSII antennae, and the reduction of xanthophylls. The recovery of xanthophylls after a few days of stress is not matched by a reduction of the non-photochemical dissipation of light energy in the present analysis of fluorescence, but may play a role in the rearrangement of the PSII structure and may constitute a first adaptive adjustment of the photochemical apparatus to cope with iron deficiency.
